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We have studied the role the canonical Wnt pathway plays in hydroid pattern formation during embryonic development and metamorphosis.
Transcripts of Wnt and Tcf were asymmetrically deposited in the oocyte and subsequent developmental stages, marking the sites of first cleavage,
posterior larval pole and the upcoming head of the metamorphosed polyp. To address the function of these genes, we activated downstream events
of the Wnt pathway by pharmacologically blocking GSK-3β. These treatments rendered the polar expression of Tcf ubiquitous and induced
development of ectopic axes that contained head structures. These results allow concluding that Wnt signaling controls axis formation and
regional tissue fates along it, determining one single axis terminus from which later the mouth and hypostome develop. Our data also indicate Wnt
functions in axis formation and axial patterning as in higher metazoans, and thus point to an ancestral role of Wnt signaling in these processes in
animal evolution.
© 2006 Elsevier Inc. All rights reserved.Keywords: Cnidaria; Hydractinia; Wnt; Tcf/Lef; GSK-3β; Axis formation; Gastrulation; Alsterpaullone; Azakenpaullone; LithiumIntroduction
The establishment of axial polarity in multicellular animals
has often been associated with localized occurrence of
components of the canonical Wnt-/β-catenin-/Tcf-based signal-
ing cascade. For instance, in Xenopus, the location of maternal
β-catenin mRNA in the fertilized and activated egg predicts the
future locality of the Spemann organizer and the site of
blastopore formation. In global terms, the location of the
maternal β-catenin source specifies the dorsal site and caudal
pole of the bilateral tadpole larva (Schneider et al., 1996;Wodarz
and Nusse, 1998; Niehrs, 1999, 2004). The significance of the
Wnt-pathway in specifying the site of blastopore formation has
been demonstrated also in invertebrate chordates such as
amphioxus (Holland, 2002). Apparently, the list of organisms
can be extended to deuterostomes in general. Maternal β-catenin⁎ Corresponding author.
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the endomesoderm and thus the ventral, blastopore-forming
region of the sea urchin embryo (Klein and Melton, 1996;
Angerer and Angerer, 2000; Vonica et al., 2000).
Recently, the most basal extant eumetazoan phylum, the
Cnidaria, was brought into the focus of attention with respect to
comparative developmental biology. Hobmayer et al. (2000)
documented the presence of many of the essential signal
transduction components of a canonical Wnt signaling cascade
in Hydra. However, since embryogenesis is hardly accessible in
this species, these authors focused on head formation in
budding, head regeneration and the emergence of putative
head organizing spots in cell aggregates. The spatial and
temporal expression patterns of the relevant genes support the
hypothesis that in post-embryonic Hydra, axis formation is also
governed by a canonical Wnt cascade. The putative involvement
of the canonical Wnt signaling cascade in axis formation in
cnidarian embryogenesis was the subject of studies in the
anthozoan Nematostella vectensis. In this species, asymmetrical
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and expression of several members of the Wnt gene family
(Kusserow et al., 2005) marked the site of blastopore formation.
However, the origin of polarity and themechanisms directing the
asymmetric distribution of Wnt transcripts and β-catenin
protein, and the further role of β-catenin in the elaboration of
the embryonic axes need to be verified experimentally (Primus
and Freeman, 2004).
Aiming at investigating the putative role of Wnt/β-catenin-/
Tcf-pathway in hydrozoan development, we focused on the
colonial hydroid Hydractinia echinata. Embryonic develop-
ment in Hydractinia (Fig. 1) starts from an oocyte already
polarly structured by the extreme eccentric location of the
nucleus just beneath the egg membrane. At this site, polar
bodies are given off just before the eggs are released in light-
induced spawning. This pole is often referred to as the animal
pole; here it is termed polar body pole because in Cnidaria the
blastopore, if present, is formed here and not at the opposite,
“vegetative” pole as in sea urchins (Primus and Freeman, 2004).
In Hydractinia, the polar body pole is the only site where the
plasma membrane is accessible for sperm contact (Freeman and
Miller, 1982). Due to the perinuclear association of the spindle
apparatus, unipolar cleavage commences at this site. It becomes
the posterior pole of the embryo and larva. During metamor-
phosis, the posterior larval tissue eventually transforms into the
mouth cone of the polyp (Fig. 1).
The embryonic development in Hydractinia encompasses a
solid morula. Endoderm formation is apolar and no blastopore is
formed and neither invagination nor polar ingression occurs.
Instead, the outer cell layer acquires the characteristics of an
epithelium with an underlying basement membrane (mesoglea).
The inner mass of cells arranges as an epithelial layer only in theFig. 1. Development of Hydractinia echinata.fully developed planula larva (Van de Vyver, 1964, 1967; Weis
et al., 1985).
During gastrulation, axis organization becomes first obvious
by the elliptic shape of the developing preplanula. The blunt
anterior end of the preplanula harbors secretory sensory nerve
cells involved in positive phototactic behavior (Plickert, 1987;
Plickert and Scheider, 2004). This end is designated “anterior”
with respect to the direction of movement. The tapered posterior
end (“tail”) differs in cellular composition from the anterior end
by the absence of nerve cells containing neuropeptides of the
GLW-amide class (Schmich et al., 1998; Plickert et al., 2003)
and by the presence of specific nematocytes (Weis et al., 1985;
Müller and Leitz, 2002). The posterior part is reduced during
metamorphosis and replaced by the mouth cone of the polyp.
Accordingly, axis formation and polar pattern formation are
amenable for experimental analysis of embryonic development,
metamorphosis and the process of asexual multiplication of
polyps (Frank et al., 2001).
Here we investigated temporal and spatial patterns of Wnt
and Tcf expression in embryonic development. We experimen-
tally modulated Wnt signaling to gain insight into its role in
axis-formation during embryogenesis and metamorphosis.
Materials and methods
Culture and subcloning of Hydractinia
Hydractinia is routinely cultured in our labs (e.g., Frank et al., 2001; Müller,
2002; Müller et al., 2004a; Plickert et al., 2003). Fertilized eggs, embryos and
larvae are available daily. Larvae were induced to undergo metamorphosis into
primary polyps by pulse treatment with CsCl or using LWamide peptides (Leitz
et al., 1994; Gajewski et al., 1996; Schmich et al., 1998; review: Müller and
Leitz, 2002).
Treatment with inhibitors of GSK-3
As inhibitors of GSK-3, Lithium and paullones were used. In summary,
inhibitors were applied during gastrulation (6/6.5 h until 22/24 h post-
fertilization), after gastrulation (22 h until 30/46 h post-fertilization) or during
induction of metamorphosis for 16 h. Regenerating anterior or posterior larva
fragments were subjected to continuos treatment with 0.5 μM alsterpaullon
immediately after sectioning. Stock solutions of 5 mM alsterpaullone and
azakenpaullone were prepared in DMSO and stored at −20°C. Working
solutions was prepared immediately before use. Stock solutions were first
diluted with DMSO to obtain 0.5, 0.25, 0.125 and 0.05 mM. For treatment of
the animals, 1 μl of these DMSO solutions was added per ml of seawater, to
obtain final working solutions containing 0.5, 0.25, 0.125 or 0.05 μM
alsterpaullone and 1 ppm DMSO. Control embryos were treated with 1 ppm
DMSO. Incubation was performed in the dark for various times as indicated in
the text or figure legends. Lithium was effective when used in the mM
concentrations—results are shown from treatment with 28 mM.
Isolation of a Hydractinia Wnt and Tcf orthologues and in situ
hybridization
cDNAs for Tcf/lef and Wnt orthologues were isolated by PCR on reverse
transcribed (Roche AMV reverse transcriptase) mRNA from representative
embryonic stages and from adult polyps. mRNA was selected by use of oligo
d(T)-coated paramagnetic particles (Dynal direct mRNA isolation kit). For Tcf/lef,
the oligonucleotides AAYGCITTYATGTTRTAYATGAAR and CKRCANG-
GYTTRCACC served as forward and reverse primers, respectively. A Wnt
homologue was amplified by 5′rapid amplification of cDNA ends (RACE) using
CCCACTGCCAGCCCGCTTCTGTTTTAC as a gene-specific primer and by 3′
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shown in Fig. 2 was composed from overlapping 5′and 3′Wnt sequences.
Digoxygenine-labeled sense and antisense RNA probes for in situ
hybridization (ISH) were generated from cDNA fragments cloned in a
pGEMT-easy vector using T7 or SP6 RNA-polymerase. Probes were prepared
either from a 322 bp fragment of Tcf/Lef/lef—henceforth termed Tcf (including
the HMG box of the protein) or from a 5′Wnt fragment of 692 bp length
including the 5′untranslated region and part of the protein coding region. ISH
was performed as published elsewhere (Gajewski et al., 1996; Plickert et al.,
1997). Hybridization was performed at 57°C.Results
Wnt and Tcf
Using Wnt-specific primers on Hydractinia cDNA two
overlapping fragments were obtained from 5′ and 3′RACE and
combined into a 970 bp cDNA-sequence. The sequence
corresponds to almost the entire 5′UTR and to approximately
2/3 of the protein coding region of a H. echinata Wnt homolog.
As compared to known Wnt's in Cnidaria and in otherFig. 2. Wnt and Tcf protein sequences from Hydractinia echinata. (A) Alignmen
purpuratus. (B) Bayesian inference tree of theWnt gene family grouping HeWnt with
clades can be expected to be true for this data set and this calculation. Abbrevation
Caenorhabditis elegans; Dm, Drosophila melanogaster; He, Hydractinia echinata;
nereis dumerilii; Pv, Patella vulgata.metazoans, the isolated sequence is most similar to the Wnt
protein from Hydra vulgaris (Fig. 2A) and, in general to various
Wnt 3 genes (Fig. 2B). AHydractinia Tcf cDNAwas cloned that
corresponds to the protein region spanning the HMG box.
Compared over 106 amino acids, it is almost identical to Tcf/Lef
from H. vulgaris with the exception of only three amino acid
substitutions (Fig. 2A). The nucleotide sequenceswere deposited
in GenBank under accession AM279678 (Wnt) and AM279679
(Tcf). We have termed the genes HeWnt3 and HeTcf1.
Temporal and spatial expression of Wnt and Tcf
We examined the temporal and spatial distribution of Wnt
and Tcf transcripts by in situ hybridization (ISH). During
oogenesis and embryonic development, both genes displayed
very similar expression patterns (Fig. 3). Three phases of
expression could be distinguished:
1) The first phase comprises expression during oogenesis.
Maternal transcripts of Wnt and Tcf were present in oocytes.t with sequences from Hydra vulgaris, Nematostella vectensis and Strongylus
Wnt3/Wnt3A genes. The numbers on branches indicate the probability by which
s: Ag, Anopheles gambiae; Bf, Branchiostoma floridae; Bm, Bombyx mori; Ce,
Hs, Homo sapiens; Hv, Hydra vulgaris; Nv, Nematostella vectensis; Pd, Platy-
Fig. 2 (continued).
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the cytosol, more concentrated and immobilized mRNAs
were deposited at the site of polar body formation. Their
localization suggests a function as determinants of polarity.
During cleavage, deposited transcripts of Wnt and Tcf were
allocated predominantly to blastomeres forming at the polar
body pole. These accumulations of maternal transcripts in
single blastomeres started to decline through cleavage until
the 32/64 cell stage.
2) At this time, zygotic expression of Wnt and Tcf started in the
morula/gastrula stage. This was concluded from theobservation that the intensity of staining increased in the
posterior half (Fig. 3). With time, Wnt and Tcf transcripts
disappeared from the anterior pole of the embryo but
remained present in the central endodermal mass, and in both
the endodermal and ectodermal tissue of the tail tip. In the
fully developed planula larva, expression of both genes
became undetectable by in situ hybridization (Fig. 3D).
3) In metamorphosis, a third phase of expression commenced
(Fig. 4). Both Wnt and Tcf resumed transcription as early as
1 h after metamorphosis was triggered by addition of CsCl to
the seawater (see Materials and methods). While Wnt
Fig. 3. Expression of Wnt and Tcf in embryonic development of Hydractinia echinata. (A, E) 1st polar cleavage, (B, F) morula stage (4 h post-fertilization), (C, G)
post-gastrula/preplanula stage (30 h post-fertilization), (D) mature planula (72 h post-fertilization) and polar cleavage stage.
Fig. 4. Expression of Tcf and Wnt during metamorphosis of Hydractinia echinata. (A) Tcf expression starts in a central ectodermal belt (between arrows) and at the
posterior tip (arrow) of the larva 3 h after induction of metamorphosis. (B–D) Expression patterns after 4 h, 7 h and 24 h of metamorphosis, respectively. (E) Expression
ofHydractinia frizzled (preparation by Regina Teo). (F–N)Wnt-expression, restarting in the endoderm of the metamorphosing larva (F, 3 h), spreading to an ectodermal
belt (G, 4 h, between arrows) and to the posterior tip (G, arrow). Wnt expression becomes confined to the hypostomal area (H, I, 7 h) and finally to a narrow circular
expression compartment around the forming mouth (K–N, 24 h). Note that less then 20 cells expressWnt in the ectoderm of the primary polyp (L) and even fewer in the
endoderm of the mouth cone (arrow in panels N indicates the mesoglea separating expression compartments in the two epithelial layers).
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resumed activity first in the ectoderm. Three hours after
onset of metamorphosis, Tcf formed a central belt in the
ectoderm of the induced larva (Fig. 4A), while Wnt
expression was observed in the endoderm (Fig. 4F). One
hour later, transcripts of both genes displayed a similar
spatial pattern being highly concentrated in a central belt of
the spindle/cone-shaped animal (Figs. 4B, G). A second and
weaker expression site was observed at the posterior most
tip. The belt-like expression compartments of both genes
now occupied the most apical part of the body (Figs. 4C, H).
The telescope-like shrinkage concentrated the former tail-tip
expression domain into a central spot surrounded by
concentric rings of expressing cells (Fig. 4I). Hence, Wnt
and Tcf expression became associated with the formation of
the hypostome. In particular, the formation of the mouth
opening was accompanied by strong expression of Wnt. The
mouth developed after both epithelia had been formed from
ecto- and endoderm. The epidermis was seen to flatten
centrally and thus to form a pit of approximately two cell
diameters in width. Epidermal epithelial cells at the flanks of
this pit strongly expressed wnt (Fig. 4N). While no opening
or perforation was visible in the mesogloea, the mouth
became obvious in the endoderm also by flattening of the
epithelium. In addition, rearrangement of gastrodermal cells
occurred with respect to the central axis of the mouthFig. 5. Axis formation under GSK-3β inhibition. Early treatment with inhibitors of
(B, D). Multipolar planulae formed from morulae treated with 28 mM LiCl for 18
from 6.5–22 h post-fertilization (C). Bipolar, biposterior larvae resulted from
azakenpaullone (B) or for 8 h with 0.25 μM alsterpaullone (D). Note that specimen
analyzed for changes in Tcf expression in Fig. 6.structure. The 12–15 cells that rearranged their orientation
with respect to the mouth axis strongly expressed wnt. They
formed a heart shaped structure (Fig. 4N). Epi- and
gastrodermal cell clusters were clearly separated by the
mesoglea (Fig. 4N, arrow). At this stage, only about 8–15
cells in the epidermis expressed Wnt (Fig. 4L). Tcf was
expressed in a broader region, comprising the entire
hypostome of the 24 h primary polyp (Fig. 4D).
Pregastrulae exposed to GSK-3β inhibitors develop multiple
body axes
The observed polar expression patterns of Wnt and Tcf
correlated with polar axis formation during embryogenesis and
metamorphosis. Whether canonical Wnt signaling is indeed
causally involved in determining axes in Hydractinia was
investigated by pharmacological inhibition of GSK-3β. Lithium
as well as paullones are known to inhibit GSK-3β and mimic a
Wnt-signal (Klein and Melton, 1996; Stambolic et al., 1996;
Emily-Fenouil et al., 1998; Leost et al., 2000; Jope, 2003). To
check for potential sensitive stages in the early development of
Hydractinia, fertilized eggs and embryos were collected at
regular intervals and incubated with various concentrations of
lithium for 12 h each (results not shown).
Treating morulae/pregastrulae with alsterpaullone (0.25–
1.0 μM, example in Fig. 5C) or azakenpaullone (0.05–0.2 μM)GSK-3β induced multipolar larvae (A, C), late treatment caused bipolar larvae
h, from 6–24 h post-fertilization (A), or with alsterpaullone, 0.25 μM, 15.5 h,
gastrulae/preplanulae treated from 22 h onwards for 24 h with 0.05 μM
s depicted in panels C and D are from the same experiment and batch as those
Fig. 6. Changes in expression of Tcf after treatment with alsterpaullone. (A)
Normal polar expression of Tcf in embryos of 22 h age. (B) Ubiquitous
expression in embryos of 22 h after treatment from 6.5 h to 22 h. Embryos of this
batch developed into multipolar larvae as depicted in Fig. 5C. (C) Normal polar
expression pattern in 30 h embryos. (D) Ubiquitous, de-polarized pattern after
treatment from 22 h to 30 h. Embryos of this batch developed into bipolar larvae
as shown in Fig. 5D.
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were effective in a small range of concentrations. Dose–response
measurements yielded optimum curves with specific effects
restricted to a narrow range of concentrations (see also Fig. 8).
In the resulting multipolar larvae, the nature of the super-
numerary axes termini was identified by morphological criteria,
by their cellular inventory (see Plickert, 1989; Plickert et al.,
2003; Schmich et al., 1998; Weis et al., 1985; Müller and Leitz,
2002), and by their fate after metamorphosis, as the capacity to
form a hypostome is a larval posterior marker. The majority of
the supernumerary body axes were posterior. The effect of
GSK-3β blockage during early embryogenesis is therefore the
induction of additional axis termini of prospective head quality.
This became most obvious in metamorphosis experiments:
bipolar larvae developing from post-gastrula treatment with
paullones formed two hypostomes instead of one (see below,
Fig. 7).
Alsterpaullone treatment causes Tcf expression to change from
a polar to nonpolar pattern
Embryos were treated with alsterpaullone (0.25 μM ) from
6.5 h after fertilization (32–64 cells) until 22 h. At 6.5 h, the
gastrulating embryos were still polarized by maternal Tcf
transcripts but were also commencing zygotic expression of Tcf.
At the end of treatment, Tcf transcription was not restricted to
only one (the posterior) pole (Fig. 6A), but extended over the
entire embryo (Fig. 6B). Treated embryos retained the spherical
shape of a morula instead of elongating and acquiring the
elliptical shape of a gastrula, and developed into larvae with
multiple posterior ends (Fig. 5C). Treatment beginning at 22 h
after fertilization, when Tcf is normally expressed exclusively in
the posterior embryo (Fig. 6A), reactivated transcription of Tcf
in the anterior embryo resulting in ubiquitous expression of Tcf
in the ectoderm at 30 h (Fig. 6D). These embryos developed
predominantly into elongated, bipolar (bi-tailed) larvae with
frequently branched axes (Figs. 5B, D; see below). GSK-3β
blockage obviously stimulated Tcf transcription and stimulated
supernumerary axis formation in Hydractinia embryogenesis.
Bipolar larvae transform into bi-headed polyps
When preplanulae were subjected to 0.25 μM alsterpaullone
for 18–24 h, their anterior blunt end elongated to adopt the
structure of a tail, or a tail grew out near the anterior pole. In
either case, eventually bipolar larvae with mirror-image tails
resulted (Figs. 5D, 7A). Most of these bipolar larvae were
unable to undergo metamorphosis following exposure to CsCl,
probably due to the lack of anterior sensory cells responsible for
secretion of the internal metamorphosis signals (Schmich et al.,
1998; Plickert et al., 2003). Addition of He-LWamides (which
are presumed to be the internal metamorphosis signals, see
Gajewski et al., 1996; Schmich et al., 1998) caused several of
these bi-tailed larvae to enter metamorphosis. Those bipolar
larvae which underwent complete metamorphosis gave rise to
bi-headed polyps (Figs. 7B, C). With the more specific GSK-3β
inhibitor, azakenpaullone, similar bipolar larvae were produced,but more often the preplanulae developed entirely into
extremely elongated tails (Fig. 5B).
Bipolar regeneration
Anterior halves of bisected larvae usually regenerate the
missing tail structure while posterior halves regenerate the lost
anterior part. Following treatment with alsterpaullone immedi-
ately after sectioning, anterior halves regenerated tails that
became extremely elongated. Elongated anterior regenerates
could be stimulated to metamorphose. In rare cases two, instead
of one, hypostome formed like those shown in Fig. 7. Treated
posterior halves regenerated a second, mirror-imaged posterior
part in >90% of the cases, resembling those shown in Fig. 5B.
Such extremely long and thread-like bipolar larvae were unable
to respond to CsCl with metamorphosis. When using endogen-
ous He-LWamide I or II as inducer (Gajewski et al., 1996;
Schmich et al., 1998), the specimens underwent metamorphosis
and formed tentacles but not complete primary polyps.
Oral–aboral specification of body regions during
metamorphosis is modulated by GSK-3β inhibitors:
metamorphosing polyps develop oversized heads and fail
to form stolons
Following initiation of metamorphosis, animals were ex-
posed to various concentrations (0.05 to 0.2 μM) of
Fig. 7. Bipolar larvae transform into bi-headed polyps. (A) Planula with mirror-
image biposterior axis after post-gastrula alsterpaullone treatment (0.25 μM
overnight). (B, C) Examples of bi-headed polyps resulting from bipolar larvae
after metamorphosis.
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were also pre-treated with 0.1 μM azakenpaullone for 2 h. In
both cases, many of the animals failed to form stolons or the
outgrowth of stolons was strongly delayed. By contrast, the
number of tentacles was increased. Observed numbers of
tentacle and stolon are summarized in Fig. 8D. Very frequently
ectopic tentacles formed below the normal position down the
body column. The whole tentacle-bearing part of the body was
considered to be an oversized head or at least an oversized
tentacle region (Fig. 8). In extreme cases, the position of the
tentacles was shifted to the base of the polyp or the whole polyp
consisted of a mere mouth cone (Fig. 9).Discussion
Polarized localization of maternal mRNA in eggs in general
suggests a role of these transcripts in axis specification. As
shown in the present study, in Hydractinia, transcripts of
maternal Wnt and Tcf are concentrated at the same site of the
oocyte where the polar bodies are extruded, cleavage is
initiated, the posterior pole of the larval body axis is established
and eventually the head of the polyp develops. In previous
studies, only two species of maternal transcripts were described
to be allocated to one egg pole in cnidarians; both were
observed in eggs and embryos of Podocoryne carnea, a closely
related hydrozoan species, and both were also located at the
polar body pole. One of these previously described transcripts
was of Cnox4-PC, a homeobox gene (Yanze et al., 2001). The
second transcript was a Brachyury homologue (Spring et al.,
2002), which is of special interest with respect to the current
study, since Brachyury is a known target gene of Wnt signaling
(Yamaguchi et al., 1999; Arnold et al., 2000). Moreover,
comparable to zygotic Wnt and Tcf expression in Hydractinia,
zygotic Podocoryne Brachyury expression also commenced in
the posterior embryo. Similar expression kinetics was observed
for Hydractinia Brachyury in embryogenesis (M. Kroiher, per-
sonal communication). So far, the effect of physically or func-
tionally eliminating these transcripts (Cnox4-PC, Brachyury) on
development has not been studied.
In combination with ISH studies, we present first experi-
mental evidence supporting the notion of Wnt-induced
polarization of the cnidarian embryo. Activation of the Wnt
pathway by blocking GSK-3β caused the expression of Tcf to
change from a polar to a circumferential pattern, and induced a
poly-tailed phenotype resulting in multiple prospective head
qualities including multiple potential head organizers. Stimula-
tion of supernumerary tail formation was even possible in
preplanulae and regenerating planulae. All three inhibitors used,
lithium, alsterpaullone and azakenpaullone, gave equivalent
results as they did in a previous study on stem cell fate in
Hydractinia (Teo et al., 2006). Upon application of azaken-
paullone, at present the most specific inhibitor of GSK-3β
(Kunick et al., 2004), the predominance of posterior structures
was most clearly evident.
Taken together, expression data as well as experimental
evidence strongly suggest a decisive role of the canonical Wnt/
β-catenin/Tcf-cascade in hydroid axis specification. Multiple
and ectopic tails are additional centers for subsequent metamor-
phosis-activated Wnt expression domains (see below).
The significance of the canonical Wnt signaling pathway for
the specification of the larval or adult body axis in cnidarians has
been suggested in previous studies (Hobmayer et al., 2000;
Wikramanayake et al., 2003; Broun et al., 2005; Kusserow et al.,
2005). InHydra, primary axis formation in embryogenesis is not
a consequence of signaling by HyWnt since this gene is not
maternally expressed and commences zygotic activity only after
the primary axis is already formed (Frobius et al., 2003). In
Nematostella, polar expression of several (zygotic) Wnt's
coincides with polar gastrulation. A role for maternal Wnt's in
earlier polarization was not obvious (Kusserow et al., 2005). In
Fig. 8. Alteration of body region specification by azakenpaullone treatment. (A, B) Development of ectopic tentacles along the entire body axis following treatment
during metamorphosis (0.05–0.1 μM, 16 h). In rare cases, increase of positional values even led to ectopic hypostome formation (arrow in panel A). (C) Untreated
control animal showing regular stolon development and tentacles exclusively at the base of the hypostome in a narrow zone. (D) Tentacle and stolon formation after
treatment with azakenpaullone.
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tion of β-Catenin controls polarity in Nematostella. Blocking
the nuclear function of β-catenin prevented polar gastrulation
and thus endoderm formation. On the other hand, blocking
GSK-3β by lithium caused overproportioning of the endoderm
leading to the suggestion that endoderm is specified by Wnt
signaling in this organism (Wikramanayake et al., 2003).
The position of the tail-tip in the planula of Hydractinia
corresponds to the pole where in other cnidarian species
gastrulation is initiated and accomplished as invagination
of the endoderm (e.g., N. vectensis) or as unipolar ingression
of future endodermal cells (e.g., Phialidium gregarium and
P. carnea; Primus and Freeman, 2004). Accordingly, Brachyuryexpression in Podocoryne has tentatively been associated with
polar gastrulation or generally with morphogenetic events
involving changes in cell behavior (Spring et al., 2002). In
Hydractinia, gastrulation and the specification of endoderm is
nonpolar (Van de Vyver, 1964; Weis et al., 1985). In contrast,
Wnt signaling is strictly polar. The local deposit of mRNA at the
polar body pole could be the source for a diffusible polarizing
signal indicated to exist by experimental evidence (Freeman and
Miller, 1982). This suggests thatWnt and Tcf are involved in the
control of axis specification and axis patterning in hydroids.
Specification of endoderm quality, as occurring in Nematostella
(Wikramanayake et al., 2003), was not altered by GSK-3β
inhibition in Hydractinia, probably because gastrulation is
Fig. 9. Enlargement of the hypostome after azakenpaullone treatment. (A, C)
Oversized hypostomes, indicated by a shift of the tentacle insertion level to more
aboral positions, in individuals metamorphosing in the presence of a high
concentration of azakenpaullone (0.1 μM, 16 h). In extreme cases, the polyp
consisted of a mouth cone only (B).
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might have been lost in Hydractinia.
Our results not only provide evidence for the involvement of
the Wnt cascade in specifying the point of axis formation in the
early, spherical embryo. In addition, they point to an auxiliary
role of Wnt signaling in fate specification along the anterior–
posterior axis of the developing planula larva as well as along
the oral–aboral axis of the polyp in metamorphosis. Upon
blocking GSK-3β in post-gastrulae and even in planulae, the
anterior part was transformed into a mirror image second tail,
that is into prospective oral structures. Fate conversion in the
post-gastrula or larva stage became clearly evident during
subsequent metamorphosis. Hypostome instead of basal stolon
structures developed from the fate-converted tissue. This shows
that Wnt signaling controls at least two decisions in embryonic
development. (1) To restrict possible numerous axis points to
one single terminus of the embryo by generating a single
maximum of Wnt-expression. (2) To specify posterior with
respect to the larva and apical/oral with respect to the polyp.
Treatments with GSK-3β inhibitors starting after this decision
have been made showed that this tissue had retained sufficient
developmental plasticity to react adequately to ectopic signaling
by changing its fate to posterior.
The hypostome of Hydra was shown to be a source of Wnt
signals and designated to have organizing functions (Hobmayer
et al., 2000; Broun and Bode, 2002; Broun et al., 2005). Similar
organizing activity was reported to operate also in polyps of
Hydractinia (Frank et al., 2001; Müller et al., 2004b). Although
in planulae of Hydractinia the adult pattern is already pre-programmed (Plickert et al., 1988; Schwoerer-Böhning et al.,
1990), reprogramming of the longitudinal body pattern by
blocking GSK-3β was even possible in metamorphosing
animals. The conspicuous effect was the development of
ectopic tentacles and even of ectopic heads (Fig. 8). Less
conspicuous but of particular significance is the imbalance in
the general longitudinal pattern. The oral body part became
over-proportioned (Figs. 8, 9) at the expense of aboral structures
(stolons, Fig. 8D). We consider the observed shift in the
developmental program equivalent to vegetalization in sea
urchins. In both instances, structures around the blastopore, or
in Hydractinia around the equivalent site (larval tail tip, mouth
of the polyp), became oversized. This occurred at the expense of
the opposite structures, known as animal structures in sea
urchins or the anterior region in planulae and the basal part of
the polyp. Thus, activating the Wnt pathway during metamor-
phosis had effects at the oral pole where normally Wnt is
expressed but also in distant aboral parts of the body.
In summary, our results indicate three functions of Wnt
signaling in Hydractinia: (1) polarization of the embryo by
maternal determinants; (2) specification/size regulation of body
regions during metamorphosis; (3) definition of an oral axis
point in the polyp, presumably associated with the formation/
maintenance of the mouth opening.
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